In this section, I discuss the following: (i) how the labeling module delineates candidate repetitive regions and 4 potential non-repetitive regions, (ii) the run-time analysis of Red, (iii) the default values of Red's parameters,
Once the local maxima have been found by the labeling module, the boundaries of the candidate regions 9 are determined. Locating candidate repetitive regions involves the interleaving non-repetitive regions. A 10 region is considered non-repetitive (repetitive) if the percentage of low (≤ a user-specified threshold) scores 11 in this region is greater (less) than the expected percentage assuming a uniform background distribution.
12
The expected percentage is the percentage of the scores that are ≤ the score of the threshold in the genome.
13
For example, suppose that 55% of the scores of a genome are ≤ 2. If these low scores were distributed 14 uniformly, then one would expect the percentage of low scores in a random segment of this genome to be 15 about 55%. However, due to the fact that non-repetitive regions include a high percentage of low scores,
16
the observed percentage should be greater than 55%. In the current implementation of Red, if the expected 17 percentage is low, it is increased to 52.5%.
18
Properties of repetitive regions are utilized for reducing the number of false maxima. The original scores 19 1 in the small region flanking a local maximum are examined to ensure that this maximum is in a repetitive 20 region; the percentage of the low scores in the targeted region must be lower than the expected percentage.
21
The targeted region has the same size as the Gaussian mask.
22
The presence of local maxima and of high scores is characteristic of repeats, whereas non-repetitive 23 regions consist mainly of low scores. Two definitions are required. A separator and a core illustrate how the 24 boundaries of repetitive regions are determined. A separator is defined as a non-repetitive region located 25 between two consecutive local maxima; consequently, a separator does not include any local maximum.
26
A core is defined as a repetitive region including at least one local maximum, and it is bounded by two 27 separators. To begin the delineation of repetitive regions, the separators are identified and, in turn, the 28 cores. Then, the boundaries of each core are adjusted.
29
The boundaries of a core are expanded or eroded in two stages. The first stage is a step-by-step expansion.
30
During this stage, the small region adjacent to the start or the end of the core is added to the core if this 31 region is a repetitive region. The size of this region, i.e. the step, is half the width of the Gaussian mask.
32
This stage is repeated until a non-repetitive region is encountered. In the second stage, the start and the end 33 of the core are further expanded or eroded nucleotide by nucleotide. The one-by-one expansion is executed 34 if the score adjacent to the core is greater than that of the threshold. In this case, the boundaries of the core 35 are adjusted to include this score. Expanding the core is repeated until a score that is less than or equal 36 to the score of the threshold is encountered. The one-by-one erosion is executed if the original score at the 37 start or the end of the core is less than or equal to that of the threshold. Then the boundaries of the core 38 are adjusted to exclude this score. Eroding the core is repeated until a score that is greater than that of the 39 threshold is encountered. During the second stage, the start or the end of the core is either expanded or 40 eroded; however, it is not subject to the two operations combined.
41

Run time analysis
42
In order to determine the total run time of Red, I calculate the run time depending on the implementation, 
49
• The labeling module: It takes n to score a sequence, m × n to smooth the scores, n to calculate the 50 first derivative, n to calculate the second derivative, n to find the local maxima, at most n to find the 51 separators, and at most n to expand the candidate regions. Therefore, the total time required by the 52 labeling module is (6 + m) × n.
53
• The training module: The module takes n to score a sequence, n to calculate the states using a 54 logarithmic function of the scores, at most n to calculate the prior probabilities, and n to calculate the 55 transition probabilities. The total time required by the training module is 4 × n.
56
• The scanning module: It takes n to score a sequence, n to calculate the states, and s × n to calculate 57 the optimal series of states according to Viterbi's algorithm. The total time for the scanning module is 58 (2 + s) × n.
59
In sum, the total run time of Red is (13 + o + s + m) × n + c. Because c, o, s, and m are constants, the 60 upper bound of the run time is O(n), i.e. linear with respect to the length of the genome.
61
System defaults
62
The system allows the user to specify the value of five parameters. However, an average user is likely to use
63
Red with the default settings. Therefore, the default values of the parameters are important. Red has the 64 following parameters.
65
Word length
66
The default value is equal to the floor of the logarithmic (base 4) value of the effective length of the genome.
67
The effective length of a genome is the number of all nucleotides except the ones labeled as "N." The 68 minimum default value is 12, and the maximum default value is 15. The user can adjust the length of the 69 word using the "-len" parameter.
70
Order of the background Markov chain
71
The default value equals word length÷2 -1. On one hand, if the order is too small, the background Markov 40. Otherwise, the default value is 20. The user can adjust the half width using the "-gau" parameter.
82
Score of the threshold of low scores in non-repetitive regions
83
The default score of the threshold of low scores is 2. A score of 2 indicates that the observed count of a k-mer regions. The user can adjust the score of the threshold using the "-thr" parameter.
87
Minimum observed copy number of a word
88
For a word having observed copy number less than or equal to the value of this parameter, the adjusted 89 count is zero. The default value of this parameter is 2 to avoid duplicated segments. This parameter is very 90 important for processing unassembled genomes (see the next section). The user can adjust the value of this 91 parameter using the "-min" parameter.
92
Red's parameters on the unassembled Drosophila melanogaster genome
93
I obtained the short reads of a Drosophila melanogaster genome from the Drosophila 1000 genomes project.
94
The average coverage of each genome in the project is 10 times. I used the forward reads only in this test. 
